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Tumbler-Snapper Dog
Nevada Test Site
19 kT

Total video duration: ~55 sec

Ground Zero Height: ~4,200 ft MSL
Initial Burst Height: ~5,200 ft MSL
Cloud Height at end of video:
~15,000 ft MSL

Final stabilized cloud properties (not
shown in animation):

Cloud Top Height: 44,000 ft MSL

Cloud Bottom Height: 28,000 ft MSL
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- SNDD Space
. / - Gamma-Ray
— Space-based Nuclear Detonation _ 7 o
Detection Transition-Region

_ __— Optical(distorted)
| - Gamma-Ray
— Neutron
Low-Altitude
— Optical
__— - Electromagnetic Pulse
— Radionuclide Debris
- Infrasound
Sub-Surface
— Seismic
— Radionuclide Debris
\ — Hydroacoustic

— Space-based instruments
monitor a variety of o
phenomenologies for evidence of g
nuclear detonations

= Measurable phenomenologies
vary with altitude

- Infrasound

Figure courtesy of U.S. DOE (2004)

= For cloud lofting, we are interested in delayed gamma rays
— Detected in space and transition region

— Absorbed at low altitudes
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Emission

— The gradual radioactive decay
of fission products creates
delayed gamma rays

— The emission location of these
delayed gamma rays follows
the rise of the nuclear cloud

Absorption

Ion — DelayEd Gamma RayS NATIONAELSTL-:;B?RATORY
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vaay | Product

Figure from The Effects of Nuclear Weapons by Glasstone (1977)

— At low altitudes, delayed gamma rays are absorbed by the atmosphere

— At high altitudes, they may reach space-based instruments

Lofting may bring the modeled radioactive cloud to an altitude

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA

where delayed gamma rays are detected by SNDD instrume
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= DIORAMA DiQRAMA

— Distributed Infrastructure Offering
Real-time Access for Modeling and
Analysis

— A framework that supports USNDS
simulations from source to ground
processing

— Designed to replace the disparate
array of specialized USNDS tools

DIORAMA coverage simulation using only the optical

. Goal . TO Incor, p orate Cl OUd phenemonology. Coverage uses a constellation of GPS
/Oftlng model in to DIORA MA to satellites with look angle respondents (LARs).

increase simulated detection of
delayed gamma rays
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* Nuclear detonations can be divided into 5 “burst” categories

— Underground
— Underwater

— Surface (< ~5000 ft above surface)
— Air (> ~5,000 ft and < ~100,000 ft)
— High-Altitude (>~100,000 ft)

= For cloud lofting, only the latter three are considered.
UNDERGROUND UNDERWATER SURFACE AIR HIGH ALTITUDE
Plumbbob Rainier Crossroads Baker Buster-Jangle Sugar Upshot-Knothole Dixie Fishbowl Starfish Prime
Nevada Test Site Pacific Proving Grounds Nevada Test Site Nevada Test Site Pacific Proving Grounds

1.7 kT : 23 kT _1.2 kT 11 KT 14 MT

T A B
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= Nuclear Cloud Lofting is
the rise and growth of a
cloud (resulting from a
nuclear detonation)
through the atmosphere

= At low altitudes (<50 km),
the rise of the cloud is
dominated by the
buoyant force TIME AFTER EXPLOSION (MINUTES]

Figure 2.12. Height of cloud top above burst height at various times after a 1-megaton
= At higher altitudes, the

explosion for a moderately low air burst.
ballistic force becomes
important
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Figure from The Effects of Nuclear Weapons by Glasstone (1977)
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The physics in the first few seconds after a nuclear detonation
are extremely complex

However, within a matter of seconds, the nuclear cloud has come
into pressure equilibrium with the surrounding atmosphere and
cooled from millions of Kelvin to several thousand Kelvin

Pressure equilibrium simply states: P. = P,

This can be rewritten with the ideal gas law: P = pkgT

Tq
PckpTe = pakpT, == p. = paT_C m P <<p,
p. = Cloud density pq = Atmospheric density kg = Boltzmann constant
T, = Cloud temperature T, = Atmospheric temperature
P. = Cloud Pressure P,= Atmospheric Pressure

UNCLASSIFIED
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The strong buoyant force is the result of the high temperature of
the cloud (and hence low density due to pressure equilibrium)
that causes it rise much like a hot air balloon

The buoyant force is defined as Fg = V.(p, — pc)g

For a ~50 kT detonation, the cloud temperature when pressure
equilibrium is achieved is ¥3000 K compared to the atmospheric
temperature of ~300 K (assuming a surface burst)

For this case, the nuclear cloud is therefore ~10x less dense than
the surrounding atmosphere

V. = Cloud Volume p. =Cloud density p, = atmospheric density g = gravitational acceleration
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A Rayleigh-Taylor instability forms due to the

different densities of the cloud and atmosphere

— (Upper Right) The Rayleigh-Taylor instability in
the nuclear cloud

— (Lower Right) A Rayleigh-Taylor instability for a
heavier fluid above a lighter (immisicible) fluid

This manifests in a toroidal vortex that entrains
atmospheric gas and causes the cloud to rapidly
grow in radius and mass

The entrainment of cooler atmospheric gas
causes the average cloud temperature and
density to approach atmospheric equilibrium

The cloud stabilizes when equilibrium is

achieved and the buoyant force is zero
UNCLASSIFIED
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= There are three primary methodologies |
that can be applied to the problem of '
Cloud Lofting:

— Empirical

— Parcel
— Navier-Stokes

= A parcel methodology was chosen for
this work as a tradeoff between speed
and accuracy
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= |gnores the physics and uses fitting equations to best fit the data

= Previous empirical models
— Newgarden and Spohn (1955) (LASL)
— Brode (1968)
— Harvey (1992)
— NATO (2014)

= Pros
— Least computational effort
— Comparable accuracy to parcel methods for stabilized cloud height

= Cons
— Limited range of applicability (only certain yields, altitudes, etc.)
— Neglect atmospheric properties
— Only deal with stabilized cloud height and ignore evolution
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= Simplified physics equations that treat cloud as a single homogeneous unit

= Previous parcel methods Modeled Cloud Evolution
— Taylor (1945) ;
— Machta (1950)
— Huebsch (1964) - DELFIC Model
— Onufriev (1970)

= Pros

— Extended range of validity (higher altitudes,
atmospheric effects)

— Includes temporal evolution of cloud

= Tradeoffs

— Moderate error (~10% error in height over

range of weapon yields and altitudes) Sample DELFIC Model Output — Time history of 8
cloud properties until stabilization

— Moderate computational effort (~1 -2
onds per simulation) UNCLASSIFIED

National Nuciear Securfty Administrat

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA UNCLASSIFIED | 13



o  Los Alamos
Na,VI e r 'Sto keS M Et h O d S NATIONAELSTL'QAB:)RATORY

= Non-linear partial differential set of equations for
continuum fluids

= Previous Navier-Stokes methods
— Krispin (2000)
— Kanarska (2009)

= Pros

— Most accurate (~¥5% error in cloud height compared
to observations)

— Accurate throughout continuum region (< 200 km)
— Full evolution of the cloud

= Cons
— Multi-year, multi-person efforts to program
— Computationally expensive (YHours of computation)
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= DIORAMA requires cloud lofting computed < 10 seconds
— This constraint eliminates the Navier-Stokes equations

= DIORAMA requires the time history of the cloud height
— This constraint eliminates the empirical models

= Only the parcel methodologies remain

* The DELFIC parcel method was chosen because:
— DELFIC = Defense Land Fallout Interpretive Code
— Simulations only require ~5 seconds on a single core

— The time history of the cloud is given

— Atmospheric properties are taken into account (e.g. density, temperature,
humidity)
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= DELFIC solves a set of 8 coupled ordinary differential equations

Modeled Cloud Evolution

"= The 8 independent variables are:
— Temperature, T
— Mass, m
— Height, z
— Velocity, v
— Energy, E
— Soil ratio, s
— Water Vapor Ratio, x
— Condensed Water Ratio, w

Sample DELFIC Model Output — Time history of 8
cloud properties until stabilization
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= To solve the set of ODEs, initial conditions are required

= The physics of the fireball prior to pressure equilibrium are
ignored and semi-empirical relations fit to observational data are
used for the initial conditions

ti

n
= Temperature - T,; = K( ) + 1500

2m

— K and n are yield dependent empirical parameters:
e K = 6847w—0.0131

* n=—04473W 00436
— t; - Time of pressure equilibrium (seconds) - t; = 56t,,, W ~°-3°
t,m - Time of the 2" temperature maximum - t,,,, = 0.045W %42
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The initial mass of the cloud is split between air, water vapor, and soil.

— The cloud is assumed to be so hot that no condensed water vapor can exist

The energy that heats the cloud, H, is assumed to be 45% of the total yield
— This factor is the result of extensive simulations with the original DELFIC code
— A factor @ defines the fraction of energy that heats water for a blast over water

Soil Mass, mg; = k,W?3/34(180 — 1)%(360 + 1)
— Alis the scaled height of burst and k, = 0.07741 kg ft3
— For pure airbursts, mg; is set to a constant weapon mass

T.:
o[ H-mes S751 corrar ]
e T
Jr & epa(T)dT +xe f1 € cpw(T)AT
—  ¢5(T), cpa(T), and ¢, (T) are the specific heats of soil, air, and water (constant pressure)

Air Mass, m,; =

Tsi, Toi, and T,; are the initial temperatures of soil, the atmosphere, and cloud [K]

— X, is the atmospheric ratio of water vapor

UNCLASSIFIED
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= |nitial Water Vapor Mass, m,; =

T ——

(1-¢) [H_msi f;;ii CS(T)dT]

T 5
fTeCil Cpw(T)AT+L

= |nitial Condensed Water Mass, m,,,; = 0

= Species Ratios

Msi

— Soil Ratio, 5; =

Mai

—  Water Vapor Ratio, x; = i

Mai

My

— Condensed Water Ratio, w; =

Mqi

= Height, z; = z;; + Zyog + 9OW /3

= Velocity, u; = 1.2\/gR_;

. 1
= Energy Density, E; = Euiz
z; = Initial cloud center height [m]
Zz = Height of ground zero [m]
Zyop = Height of burst above GZ [m]

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA

u; = Initial cloud center velocity [m/s]
E; = Initial cloud energy density [J/kg]
R ;= Initial horizontal cloud radius [m]
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+ XeMgi

L = Latent heat of condensation
g = Gravitational acceleratio
W =Yield [k

National Nuciear Securfty Administration
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= Due to the importance of condensation in the cloud, the model
switches between two sets of equations “wet” and “dry”

— The wet equations include the effect of the latent heat of condensation of water
when liquid water is present

— Latent heat is ignored in the dry equations since there is no condensed water

= Switch between “wet” and “dry” equations controlled by P,
— P, = partial pressure of water vapor in the cloud [Pa]
— P,,¢ = saturation water vapor pressure [Pa]

— If B, >P,, “wet” equations apply
— If B, < P,, “dry” equations apply

UNCLASSIFIED
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= The set of ODEs is solved using an 8t order accurate adaptive
timestep scheme using the GNU Scientific Library (GSL)

. dz
= Height: — = u a b C
dt [ A | [ : | {_1_\
° du _ Tvc ) (2k2v Tvc 1 dm)
o - = (= — — — AL -
Velocity: ” (Tve f—1)g ER t——)u

— Term ‘@’ accounts for the cloud buoyancy
— Term ‘b’ accounts for eddy-viscous drag
— Term ‘c’ accounts for entrainment drag

z = Cloud center height [m] T, = Virtual cloud temperature [K] v = characteristic cloud velocity [m/s]
u = Cloud center velocity [m/s]  T,.= Virtual atmos. temperature [K] B = Gas to total density ratio [unitless]
t = Time from detonation [s] H_= Vertical cloud radius [m] g = Gravitational acceleration [m/s?]

k, = kinetic to turbulent energy conversion factor [unitless]

UNCLASSIFIED
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* The temperature equation has both “wet” and “dry” forms

a b C
—— ——

= Dry equation: = = Uu+-———
2 dat Cp(Te) Tveg

— Term ‘a’ accounts for adiabatic expansion

— Term ‘b’ accounts for entrainment
— Term ‘c’ accounts for turbulent dissipation of kinetic energy to heat

= Wet equation: ’
dT. a
dt [ - ) [ l \ {j—\

. B . L(x—=x¢)\ 1 dm Ty gu ( Lx ) ¢
14 LPxe [(TC Te + cp(Te) )mﬁ dt T Tye Cp(Tc) 1+ R,T,
" cp(T)RT2

cp(Te)

— Terms are the same as for “dry” equation
UNCLASSIFIED
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S SRS
: . =
Ener CdE _ 2k Bu’v Ty, n u?dm E dm ¢
=NETEY: ¢ = H. Ty 2mdt m dt

— Term ‘@’ accounts for turbulent energy generated by eddy viscous drag
— Term ‘b’ accounts for turbulent energy generated by entrainment

— Term ‘c’ accounts for entrainment dilution of energy

— Term ‘d’ accounts for turbulent dissipation of kinetic energy to heat

a
[ l )
. ds 1/1+x\ s dm
Soil:— = — = ===
dt p \1+x.,/ m dt

— Term ‘@’ accounts for entrainment dilution

UNCLASSIFIED
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The mass equation has both “wet” and “dry” forms
a

. dm mSuv
Dry equation: — = =
dt 1%

— Term ‘@’ accounts for entrainment

— The mass lost to fallout is neglected as studies have shown it is negligible
— S =cloud surface area [m?], V = cloud volume [m3], u = entrainment factor

Wet equation:

i
dat
m Suv 1 u T Lx u
1-— B : [T =1l +L(x—xe) 0 5 i a 1 —fzxs lcl;g(Tc)ﬁ (1 4 RaTc) - Cpch)] - RfTve
Tvc<1 L2xe ) € € ep(Te) +Cp(Tc)RaTg
Cp(TC)RaT%

— The entire right-hand side accounts for entrainment modified for the
condensation of water

UNCLASSIFIED
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= The water vapor equation has both “wet” and “dry” forms

. dx
Dry equation: — = o (x —x,)

— Term ‘@’ accounts for entrainment

. d Le dT
= Wet equation: — = [(1 +£) 82—+(1+£) 7= ]x

— Terms are the same as for the “dry” equation
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National Nuciear Securfty Administration

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA UNCLASSIFIED | 25



| o . /-@gAlamos
odel — Cond. Water Equations

"= The condensed water equation has both “wet” and “dry” forms

i d
= Dry equation: =0

dt
— No condensed water exists under “dry” conditions
a b
w 1oy, 2dn" 3
. w +x m X
= Wete uatlon:—=——( ) WHXx—X,)—— — —
9 dt B \1+x, ( e) m dt  dt

— Term ‘@’ accounts for entrainment dilution

— Term ‘b’ accounts for condensation of water vapor

UNCLASSIFIED
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= Nearly all of the ODEs are dependent on the atmospheric
properties such as temperature, pressure, and humidity

"= To compute atmospheric properties, NRLMSISE-00 is used
— NRLMSISE-00 = Naval Research Laboratory Mass Spectrometer and Incoherent Scatter
— MSIS does not include humidity

* Humidity data is taken from NCAR archived datasets

— NCAR = National Center for Atmospheric Research
— 16 datasets are interpolated for the simulation humidity

® 4 seasonal datasets groups separated by 3 months
®  Each seasonal dataset group includes data from a single day with 4 datasets separated by 6 hours

®  Each dataset has the maximum NCAR vertical resolution (~10 kPa intervals)

® 10x 10 degree resolution for latitude and longitude
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— 7000
=
= 6000
N

Plumbbaob Boltzman Evolution
J-.:"5()00

= Plumbbob Boltzman s
— 12 kT Yield
— Nevada Test Site o

200 300 500 10000 100 200 300

Velocity, u [m/s]

— 500 ft Height of Burst e
" Cloud top height
— Observed: 10058 m I TR

Time, t [s] Time, t [s]

— Model: 9308 m
— Percentage error: 7.2%

Mass, m [kg]

200 300 : 200 300

* Cloud bottom height o= :
— Observed: 7010 m :
— Model: 6819 m
— Percentage error: 2.7%

Water Vapor Ratio, x

=k
(=]

200 300 200 300
Time, t [s] Time, t [s]

UNCLASSIFIED

National Nuciear Securfty Administrat

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA UNCLASSIFIED | 28



SI m u I atl O n Res u |tS NATIONAL LABORATORY

EST.1943

Plumbbaob Boltzman Evolution

Initial cloud properties

— Initial velocity, ¥60 m/s

Velocity, u [m/s]

— Initial temperature, ~2800 K
— Initial cloud height, ~700 m L T,

K

N
u
=}
=)

Evolution properties

— Cloud height asymptotically
approaches stabilization height “Time, (51 -

Temperature, T [K]

— Temperature and energy rapidly
decay due to entrainment and
mixing with atmospheric gas

200 300 : 200 300

— Mass increases nearly linearly \ Tt s

— Soil ratio decays rapidly due to
entrainment of atmospheric gas

Condensed Water Ratio,

o
o

— Discontinuity in water vapor at
~200 s signals switch to “wet”
equations

200 300 200 300
Time, t [s] Time, t [s]
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The cloud lofting module includes three
tunable parameters

— W =entrainment parameter

— k, = eddy viscous drag parameter

— k3= turbulent dissipation rate pre-factor

These parameters are necessary because the
complex physics of the turbulent mixing
between the cloud and atmospheric gas is not
modeled in detail

The parameters are tuned by a brute force
iterative search over the global parameter
space

For each set of tuning parameters, 54

simulations corresponding to historical nuclear

osts are run UNCLASSIFIED
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Error Map for AvgFRMS
RMS Error (¢ = 0.1250)

0.29161

40.28155

0.27148

0.25135
0.24128
0.22114
0.21108

0.20101
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Test eld (kt) Observed Cloud Model Top Height (m) Fractional Dev.
Top (m

. . e drackil Hamboldt
" For each simulation. the to bottom, and EErmm
’ P, ’ Hardtackil Vesta
dverage cloud helght fractional deviation
. . —oos | a5 | asos |
(FD) is Computed using:
.
P o
— [FD = Zobs"Zcalc o
0.

Zobs Plumbbob Laplace

02 |
Sunbeam JonnieBoy | 05 | 0.1531 0.0116
.13 5486

Hardtackll SantaFe

Hardtackll Lea L 14| 5182 6269

Plumbbob John 2 13411 11944
2

= To determine the error across all 54 tests I ———————

for a specific set of parameters, the [rosaiisaind |43 |

Hardtackll RioArriba
Plumbbob Morgan

[ 22 |
Plumbbob FranklinPrime 9754 7345

W2
)
.5
1
.3
4
2
o/
.9
b7/
0
0
1
1
il
1
2
2
2
5
6
7

——
: :  Plumbbob Owens | 07|
fractional root mean square (FRMS) IS [ Plumbbob Kepler |10 | @sas | oita | easr | 00679 |
[ Plumbbobwison | 10| toes | ea | erz | 0a1a2 |
[ Upshotnothote Dixie |11 | tome | Ima3 | 3015 | o438 |
computed' [ Plumbbob boppler | 11| tiss | oos | eo6s | oz1es |
. [ Plumbbob Fizeas | 11| 1o1e2 | oo | ssz6 | 02sro |
[ Plumbbob Galiee | 11| 11ie | oarr | eseo | 0507 |
Y v(FD)2
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« Los Alamos

Model Tuning & Validation L Aoy

Error Map for AvgFRMS

Iterative methodology R

— Each local FRMS error minima is used to start a e 3’2%5 §§§§§§ g
new iterative search branch i 3;:;5;

— Eachiteration uses a 5 x 5 x 5 parameter grid "o e e o

— The parameter space bounds are reduced by
50% in each direction, centered about the local @ oy
minima, for each new iteration oasis oaszs
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0.20233

— The iteration completes when the local FRMS 0 37625 30
minima between two subsequent iterations
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— Upper right — Initial step for iterative search

RMS Error (= 0. 1983)

— Lower right — Final step for iterative search
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« Los Alamos

Model Validation — Bottom Height ~ mrewemer

EST.1943

_Bottom Predicted and Observed Cloud Heights , ,
Cloud Heights Normalized Cloud Heights
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Predicted vs. Observed Cloud Bottom Heights across all 54 test cases using
the best fit tuning parameters. (Right) Absolute cloud heights and (Left)
Normalized cloud heights showing only differences.
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Model Validation — Top Height

Top Predicted and Observed Cloud Helghts
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Los Alamos

NATIONAL LABORATORY
EST.1943

10.3% Erfor

Predicted vs. Observed Cloud Top Heights across all 54 test cases using the
best fit tuning parameters. (Right) Absolute cloud heights and (Left)
Normalized cloud heights showing only differences.
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y s
TORAMA Integratlon & Limitations"oAmes

EST.1943

The cloud lofting module is fully integrated into DIORAMA

— Part of the LANL environment package

Couples with the LANL XG (x-ray and gamma ray) packages
Can be turned on/off with an optional module parameter

Limitations

The model only simulates the buoyant forces and neglects the ballistic
force which becomes important above ~50 km

The model is fundamentally a continuum fluid model which will break
down above ~200 km due to the rarefaction of the atmosphere

The model neglects electromagnetic effects which would become
important for high-altitude bursts above ~85 km

Lack of observed cloud heights limits validating the model for high altitude
bursts
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= A parcel methodology was applied to develop the DIORAMA
cloud lofting module
— Based on the DELFIC model; treats cloud as homogenous unit
— Solves set of 8 ODEs for cloud properties
— Outputs the time history of the cloud height, radius, and other parameters

* The cloud lofting module was tuned with 54 test cases

— An iterative brute force search was carried out to find the best fit tuning
CEICINEES

— The best fit parameters yielded average cloud height errors of 12.9% and
10.3% for the bottom and top, respectively.

= Allows for more accurate modeling of the propagation of
delayed gamma rays in DIORAMA
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